In extensions of the standard model, light scalar particles are often possible because of symmetry considerations. We study the decay of the Z boson into such particles. In particular, we consider for illustration the scalar sector of a recently proposed model of the 17-keV neutrino which satisfies all laboratory, astrophysical, and cosmological constraints.
Introduction
In the standard model, the Z boson may decay into the Higgs boson H and a fermionantifermion pair. From the absence of such events, it has been deduced that m H > 59 GeV . [1] On the other hand, in extensions of the standard model with a richer scalar sector, there are usually many more scalar particles, some of which may be light enough to be decay products of the Z, but with perhaps different signatures. For example, the Z boson may now decay into two different scalar particles. Such a process is usually unsuppressed if kinematically allowed and serves to set stringent limits on the masses of the particles involved. There is however an important exception. If a certain scalar particle is coupled to the Z boson only in association with another heavier particle, then it may in fact be light and not be produced in a two-body decay. Three-body decays should then be considered and could well become a first hint for any new physics beyond the standard model.
In Section 2 we present a specific example of an extended scalar sector which goes with a recently proposed model [2] of a possible 17-keV neutrino which satisfies all laboratory, astrophysical, and cosmological constraints. [3] In Section 3 we single out a particular scalar boson of this model and show how it can be light and still be consistent with all present experimental data. In Section 4 we discuss the decay of the Z boson into this scalar particle as a possible means of discovering its existence. Finally in Section 5, there are some concluding remarks.
Example of an Extended Scalar Sector
To be specific, consider the following extended scalar sector. Many features are common to other extensions of the standard model, so it will serve as a good example of what can be learned from the decay of the Z boson into scalar particles. Let model [2] of a possible 17-keV neutrino. There is an assumed Z 5 discrete symmetry with elements 1, ω, ω 2 , ω −2 , and ω −1 , with ω 5 = 1, under which the three lepton families, each consisting of a left-handed doublet (ν i , l i ) L and two right-handed singlets ν iR , l iR , transform as ω i−1 (i = 1, 2, 3). In addition, Φ 1 transforms as 1, Φ 2 as ω −2 , χ 1 as ω 2 , and χ 2 as ω. 
and m
As a result, there are only 12 − 4 = 8 massive degrees of freedom in the scalar sector. Two of these correspond to one charged particle
with mass squared given by
where the angle β is defined as
and
Four others correspond to linear combinations of Reφ 0 1,2 and Reχ 1,2 forming a 4 X 4 masssquared matrix given by
(10) The two remaining massive scalar bosons are
and h
where tan γ ≡ u 2 /u 1 , with masses squared given by −µ 
Consider now the Yukawa interactions. The quarks couple only to Φ 1 , but the leptons interact with all the scalar bosons as follows. [ 
In the above, l 2 is exactly µ, but l 1 and l 3 mix to form e and τ . Furthermore, a ≃ m e , b = m µ , c ≃ m τ , and d/c is the mixing, which is perhaps of order 0.
and similarly for l 1R and l 3R , then
Since we shall be interested in the scalar boson h 0 5 , we note here its interaction with e and τ .
3 Constraints on the h 0 5 Mass
Consider now the couplings of the W and Z bosons to the various scalar particles of the previous section. They are easily extracted from
where the covariant derivative D µ is given by
As a result, it can readily be verified that whereas Z µ Z µ Reφ 
where m is the mass of h 2 GeV , which is some 4 orders of magnitude greater than the observed τ decay rate, hence m > m τ is required. Since h 0 5 also couples to eγ 5 e, the decay τ ± → e ± e ± e ∓ is still possible and its amplitude is given by
However, it is suppressed by a factor of at least m e /m τ relative to the usual decay amplitudes of τ , and can thus be safely ignored. Another possible decay is τ → eγ. Using Eq. (15) we find for m > m τ a branching fraction of less than 10 −6 which is far below the present experimental upper limit of 2X10 −4 . [7] Similarly, the anomalous magnetic moment of the electron receives from these interactions a maximum contribution of order 10 −15 e/2m e , which is negligible compared to the present experimental error, which is of order 10 −11 e/2m e . [7] Therefore, the only constraint on the mass of h 
where the last term actually comes from the ∂ µ χ i ∂ µ χ i piece of the Lagrangian. Now Z couples to h 
should have nonnegligible rates comparable to that of Z → H f f in the standard model.
Consider first Z → h 0 5 χ 0 χ 0 as shown in Fig. 1 . Assuming that the amplitude is dominated by one scalar intermediate state of mass M, we then have
Using p = k 1 + k 2 + k 3 and ǫ · p = 0, we find the spin-averaged amplitude squared in the center of mass to be given by
where m is the mass of h 0 5 , k 1 its momentum, and E 1 its energy in the rest frame of the Z boson. Integrating over the invisible χ 0 's, we obtain the decay energy spectrum
where
where Once h 0 5 is produced, it will decay into a fermion-antifermion pair. Hence Z → h 0 5 χ 0 χ 0 has the signature of Z → f f + nothing, which can also be due to the standard-model process Z → H + "Z", where H → f f and "Z" → νν. The big difference is that the only unknown for the standard-model process is m H , whereas here we have three unknowns: m, M, and f ef f . However, it is reasonable to assume that M is of order m Z and f ef f is not much less than unity, so if m 2 << m 2 Z , this process may be observable in the near future at LEP with more data. To tell it apart from Z → H + "Z", we note that the couplings of Reφ 
From the three-body kinematics, we find that in the center of mass,
and for a given E 1 ,
Conclusion
In summary we have demonstrated how the existence of a light scalar boson can be consistent with all present experimental data in a specific extension of the standard model. It has the potential of being discovered in the future as a decay product of the Z boson at the level of 10 −7 in branching fraction. This result is based on the study of the three-body decays Z → h 
